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Abstract
Recently XENON1T Collaboration announced that they observed some excess in the electron
recoil energy around a 2–3 keV. We show that this excess can be interpreted as exothermic scat-
tering of excited dark matter on atomic electron through dark photon exchange. We consider DM
models with local dark U(1) gauge symmetry that is spontaneously broken into its Z2 subgroup
by Krauss-Wilczek mechanism. In order to explain the XENON1T excess with the correct DM
thermal relic density within freeze-out scenario, all the particles in the dark sector should be light
enough, namely ∼ O(100) MeV for scalar DM and ∼ O(1− 10) MeV for fermion DM cases. And
even lighter dark Higgs φ plays an important role in the DM relic density calculation: XX† → Z ′φ
for scalar DM (X) and χχ¯→ φφ for fermion DM (χ) assuming mZ′ > mχ. Both of them are in the
p-wave annihilation, and one can easily evade stringent bounds from Planck data on CMB on the
s-wave annihilations, assuming other dangerous s-wave annihilations are kinematically forbidden.
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I. INTRODUCTION
Recently XENON 1T Collaboration reported that they found electron recoil excess around
2-3 keV with 3.5 σ significance analyzing data for an exposer of 0.65 ton-year [1]. There
is an issue on the tritium contamination to be resolved. This energy region is sensitive to
solar axion search, but the interpretation of this excess in terms of solar axion is in conflict
with astrophysical bounds on the axion coupling to electron. XENON1T Collaboration also
interprets the excess in the context of magnetic moment of solar neutrino and absorption of
light bosonic dark matter [1]. After the accouncement of XENON1T Collaboration, there
appeared a number of papers that address various issues related with this excess [2–50].
In this paper, we interpret this electron recoil excess in terms of exothermic DM scattering
on atomic electron bound to Xe in the inelastic DM models. We shall consider both complex
scalar [51] and Dirac fermion DM models [52] with local U(1) dark gauge symmetry which
is spontaneously broken into its Z2 subgroup by Krauss-Wilczek mechanism [53]. In this
framework, the mass difference (δ) between the DM and the excited DM (XDM) is generated
by dark Higgs mechanism, and there is no explicit violation of local gauge symmetry related
with the presence of dark photon. On the other hand, in a number of literature, the mass
difference δ is often introduced by hand in terms of dim-2 (3) operators for scalar (fermion)
DM. Then local gauge symmetry is broken explicitly and softly. Introducing dark gauge
boson (or dark photon) in such a case would be theoretically inconsistent, since the current
dark gauge fields couple is not a conserved current. There will appear some channels where
high energy behavior of the scattering amplitudes violate perturbative unitarity, in a similar
way with the WLWL → WLWL scattering violates unitarity if W boson mass is put in
by hand. One of the present authors pointed out this issue in fermionic DM model (see
Appendix A of Ref. [52]).
Local Z2 scalar [51] and fermion DM models [52] have been studied by authors for the
O(100) GeV – O(1) TeV WIMP scenarios. In this paper we explore the same models for
light DM mass . O(1) GeV in order to evade the strong bounds from direct detections
experiments searching for signals of DM scattering on various nuclei. In particular we will
emphasize that the DM thermal relic density and the XENON1T electron recoil excess with
a few keV could be simultaneously accommodated if dark Higgs boson is light enough that
DM + XDM → Z ′∗ → Z ′φ is kinematically open. This channel will play an important
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role when mDM < mZ′ , as we shall demonstrate in the following. In order to explain the
XENON1T excess in terms of XDM+eatomic → DM+efree with a kinetic mixing, both dark
photon and (X)DM mass should be sub-GeV, more specifically ∼ O(100) MeV, in order to
avoid the stringent bounds on the kinetic mixing parameter. For such a light DM, one has
to consider the DM annihilation should be mainly in p-wave, and not in s-wave, in order to
avoid strong constraints from CMB (see [54, 55] and references therein).
For this purpose it is crucial to have dark Higgs (φ), since they can play a key roles in
the p-wave annihilations of DM at freeze-out epoch:
XX† → Z ′∗ → Z ′φ,
χχ → φφ,
where X and χ are complex scalar and Dirac fermion DM, respectively. At freeze-out epoch,
the mass gap is too small (∆m  T ) and we can consider DM as complex scalar or Dirac
fermion. In the present Universe, we have T  ∆m and so we have to work in the two
component DM picture for XENON1T electron recoil. It can not be emphasized enough
that these channels would not be possible without dark Higgs φ, and it would be difficult to
make the DM pair annihilation be dominated by the p-wave annihilation.
II. MODELS FOR (EXCITED) DM
A. Scalar DM model
The dark sector has a gauged U(1)X symmetry. There are two scalar particles in the dark
sector X and φ with U(1)X charges 1 and 2, respectively. They are neutral under the SM
gauge group. After φ gets VEV, 〈φ〉 = vφ/
√
2, the gauge symmetry is spontaneously broken
down to discrete Z2. The Z2-odd X becomes the DM candidate. The model Lagrangian is
in the form [51]
L = LSM − 1
4
XˆµνXˆ
µν − 1
2
sin XˆµνBˆ
µν +Dµφ†Dµφ+DµX†DµX −m2XX†X +m2φφ†φ
−λφ
(
φ†φ
)2 − λX (X†X)2 − λφXX†Xφ†φ− λφHφ†φH†H − λHXX†XH†H
−µ (X2φ† +H.c.) , (1)
where Xˆµν (Bµν) is the field strength tensors of U(1)X (U(1)Y ) gauge boson in the interaction
basis.
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We decompose the X as
X =
1√
2
(XR + iXI), (2)
and H and φ as
H =
 0
1√
2
(vH + hH)
 , φ = 1√
2
(vφ + hφ), (3)
in the unitary gauge.
The dark photon mass is given by
m2Z′ ' (2gXvφ)2, (4)
where we neglected the corrections from the kinetic mixing, which is second order in 
parameter. The masses of XR and XI are obtained to be
m2R = m
2
X +
1
2
λHXv
2
H +
1
2
λφXv
2
φ +
µ√
2
vφ,
m2I = m
2
X +
1
2
λHXv
2
H +
1
2
λφXv
2
φ −
µ√
2
vφ, (5)
and the mass difference, δ ≡ mR −mI ' µvφ/
√
2mX . Since the original U(1)X symmetry
is restored by taking µ = 0, small µ does not give rise to fine-tuning problem. The mass
spectrum of the scalar Higgs sector can be calculated by diagonalising the mass-squared
matrix  2λHv2H λφHvHvφ
λφHvHvφ 2λφv
2
φ
 , (6)
which is obtained in the (hH , hφ) basis. We denote the mixing angle to be αH and the mass
eigenstates to be (H1, H2), where H1 is the SM Higgs-like state and H2(≡ φ) is mostly dark
Higgs boson. Since we work in the small αH in this paper, the VEV of φ is approximated
to be, vφ ' mH2/
√
2λφ, while αH ' −λφHvφ/2λHvH .
The mass eigenstates Zµ and Z
′
µ of the neutral gauge bosons can be obtained using the
procedure shown in Ref. [56]. In the linear order approximation in  we can write the
covariant derivative as
Dµ ' ∂µ + ieQemAµ + i
(
gZ(T
3 −Qems2W ) + gXQXsW
)
Zµ + i
(
gXQX − eQemcW
)
Z ′µ, (7)
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where Qem (QX) is the electric (U(1)X) charge and Aµ is the photon field. We note that Z
′
couples to the electric charge but not to the weak isospin component T 3. For example, Z ′
does not couple to neutrinos at this order of .
To evade the bound from the DM scattering off the nuclei we are considering sub GeV
scale DM. To calculate the relic abundance of the DM we take the X as the physical state
with mass mX instead of XI and XR, i.e. mX ' mR ' mI , because the mass difference
δ is much smaller than the freezeout temperature Tf ∼ mX/10 [9]. For this light DM the
CMB constraint rules out the s-wave annihilation of the DM pair. So the contribution to
the DM annihilation should start from p-wave. We suppress the XX† → Z ′Z ′ by choosing
mZ′ > mX . We also make XX
† → H2H2 subdominant. To achieve this we suppress the
direct coupling of the DM to φ and H by taking small λφX and λHX . We also take small
λφH to evade the bound from the Higgs invisible decay. However, the coupling λφH should
not be too small to make the DM in thermal contact with the SM plasma. Too small λφH
also makes the H2 lifetime too long, causing cosmological problems. For example, H2 with
mass ∼ 1 GeV decays dominantly into muon (or strange quark) pairs through mixing λφH ,
whose decay with is given by
Γ(H2 → µ+µ−) ' αH
8pi
mH2
(
mµ
vH
)2(
1− 4m
2
µ
m2H
)3/2
. (8)
The requirement that H2 lives shorter than 1 sec and the mixing angle is very small is
translated into 10−7 < λφH/
√
λφ  1. The small mixing parameters are also technically
natural [57, 58].
The Z ′ can also decay into charged SM particles through mixing . The decay width for
Z ′ → e+e− is given by
Γ(Z ′ → e+e−) = Q
2
f
2e2c2W
12pi
mZ′
(
1 +
2m2e
m2Z′
)(
1− 4m
2
e
m2Z′
)1/2
≈ 1.87× 10−11 GeV
( 
10−4
)2 ( mZ′
1 GeV
)2
. (9)
Its lifetime is much shorter than 1 sec in the parameter space of our interest.
In this restricted region of parameter space the main channel for the relic density is
XX† → Z ′∗ → Z ′φ (see the left panel in Fig. 1 ) [60]. The leading contribution to cross
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section is p-wave with the cross section
σv ' g
4
Xv
2
384pim4X(4m
2
X −m2Z′)2
(
16m4X +m
4
Z′ +m
4
φ + 40m
2
Xm
2
Z′ − 8m2Xm2φ − 2m2Z′m2φ
)
×
[ {
4m2X − (mZ′ +mφ)2
}{
4m2X − (mZ′ −mφ)2
} ]1/2
+O(v4), (10)
where mφ ≡
√
2λφvφ ' mH2 . The resulting dark matter density is obtained by [59]
ΩXh
2 =
2× 8.77× 10−11 GeV−2 xf
g
1/2
∗ (a+ 3b/xf )
, (11)
where a and b are defined by σv = a+ bv2, and the additional factor 2 comes from the fact
that X is a complex scalar instead of real scalar. For example, with mX = 1 GeV, mZ′ = 1.2
GeV, mφ = 0.2 GeV, λφ = 4.5×10−5, g∗ ≈ 10, and xf ≈ 10, we can explain the current DM
relic abundance: ΩXh
2 ≈ 0.12. Other p-wave contributions include XX† → Z ′∗ → ff¯ where
f is an SM fermion. But these contributions are suppressed by 2 compared to the above
annihilation, and we neglect them. The SM Z boson contributions are further suppressed
by both small mixing angle 2 and small mass ratio m4Z′/m
4
Z .
To calculate the inelastic down-scattering cross section for the XENON1T anomaly, in-
stead of X and X† we now consider two real scalars XR, XI with mass difference δ. With
the kinetic mixing term given in (1) we get the dark-gauge interactions with the DM and
the electron [56]
L ⊃ gXZ ′µ(XR∂µXI −XI∂µXR)−  ecWZ ′µeγµe, (12)
where cW is the cosine of the Weinberg angle, Z and Z
′ are mass eigenstates, and we
assumed that (∼ 10−4) is small. The cross section for the inelastic scattering XRe → XIe
for mX  me and small momentum transfer is given by
σe =
16pi2αemαXc
2
Wm
2
e
m4Z′
, (13)
where αem ' 1/137 is the fine structure constant and αX ≡ g2X/4pi. This can be used to
predict the differential cross section of the dark matter scattering off the xenon atom for the
DM velocity v, which reads
dσv
dER
=
σe
2mev
∫ q+
q−
a20qdqK(ER, q), (14)
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where ER is the recoil energy, q is the momentum transfer, K(ER, q) is the atomic excitation
factor. From energy conservation we obtain the relation [9],
ER = δ + vq cos θ − q
2
2mR
, (15)
where θ is the angle between the incoming XR and the momentum transfer q = p
′
e − pe.
The integration limits are [9],
q± ' mRv ±
√
m2Rv
2 − 2mR(ER − δ), for ER ≥ δ,
q± ' ±mRv +
√
m2Rv
2 − 2mR(ER − δ), for ER ≤ δ. (16)
Then we can obtain the differential event rate for the inelastic scattering of DM with electrons
in the xenon atoms given by
dR
dER
= nTnR
dσv
dER
, (17)
where nT ≈ 4×1027/ton is the number density of xenon atoms and nR ≈ 0.15 GeV/mR/cm3
is the number density of the heavier DM component XR, assuming nR = nI . Integrating
over ER, we get the event rate
R ≈ 3.69× 109 2 g2X
(
1GeV
mR
)(
1GeV
mZ′
)4
/ton/year. (18)
Since XR is a dark matter component in our model with the same abundance with XI , its
lifetime should be much longer than the age of the universe. It can decay via XR → XIγγγ
as shown in [9]. Its decay into three-body final state, XR → XIνν, is also possible in our
model. The relevant interactions are
L ⊃ gXsWZµ(XR∂µXI −XI∂µXR)− gZ
2
ZµνLγ
µνL. (19)
The decay width is given by
Γ ' 
2αXs
2
W
5
√
2pi2
GF δ
5
m2Z
' 1.9× 10−49 GeV
( 
10−4
)2 ( αX
0.078
)( δ
2 keV
)5
. (20)
Although this channel is much more effective than XR → XIγγγ considered in [9], the
lifetime of XR is still much longer than the age of the universe.
In the right panel of Fig. 1 , we show the allowed region in the (mZ′ , ) plane where we can
explain the XENON1T excess with correct thermal relic density of DM within the standard
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FIG. 1: (left) Feynman diagrams relevant for thermal relic density of DM: XX† → Z ′φ and (right)
the region in the (mZ′ , ) plane that is allowed for the XENON1T electron recoil excess and the
correct thermal relic density for scalar DM case for δ = 2 keV : (a) mDM = 0.1 GeV. Different
colors represents mφ = 20, 40, 60, 80 MeV. The gray areas are excluded by various experiments,
assuming Z ′ → XRXI is kinematically forbidden.
freeze-out scenario. For illustration, we chose the DM mass to be mR = 0.1 GeV, and varied
the dark Higgs mass mφ = 20, 40, 60, 80 MeV denoted with different colors. The sharp drops
on the right allowed region is from the kinematic boundary, mZ′+mφ < 2mR. It is nontrivial
that we could explain the XENON1T excess with inelastic DM models with spontaneously
broken U(1)X → Z2 gauge symmetry. In particular it is important to include light dark
Higgs for this explanation. It would be straightfoward to scan over all the parameters to get
the whole allowed region.
B. Fermion DM model
We start from a dark U(1) model, with a Dirac fermion dark matter (DM) χ appointed
with a nonzero dark U(1) charge Qχ and dark photon. We also introduce a complex dark
Higgs field φ, which takes a nonzero vacuum expectation value, generating nonzero mass for
the dark photon. We shall consider a special case where φ breaks the dark U(1) symmetry
into a dark Z2 symmetry with a judicious choice of its dark charge Qφ.
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Then the gauge invariant and renormalizable Lagrangian for this system is given by
L = −1
4
XˆµνXˆµν − 1
2
sin XˆµνB
µν + χ
(
i /D −mχ
)
χ+Dµφ
†Dµφ (21)
− µ2φ†φ− λφ|φ|4 − 1√
2
(
yφ†χCχ+ h.c.
)
− λφHφ†φH†H
where Xˆµν = ∂µXˆν − ∂νXˆµ. Dµ = ∂µ + igXQXXˆµ is the covariant derivative, where gX is
the dark coupling constant, and QX denotes the dark charge of φ and χ: Qφ = 2, Qχ =
1, respectively. Then U(1)X dark gauge symmetry is spontaneously broken into its Z2
subgroup, and the Dirac DM χ is split into two Majorana DM χR and χI defined as
χ =
1√
2
(χR + iχI), (22)
χc =
1√
2
(χR − iχI), (23)
χcR = χR, χ
c
I = χI , (24)
with
mR,I = mχ ± yvφ = mχ ± 1
2
δ. (25)
We assume y > 0 so that δ ≡ mR − mI = 2yvφ > 0. Then the above Lagrangian is
written as
L = 1
2
∑
i=R,I
χi
(
i/∂ −mi
)
χi − igX
2
(Z ′µ + sWZµ) (χRγ
µχI − χIγµχR) (26)
− 1
2
yhφ (χRχR − χIχI) , (27)
where hφ is neutral CP-even component of φ as defined in (3).
When we calculate the DM relic density, we can assume the mass difference is small
compared to the DM mass as in the case of the scalar DM, i.e. mχ ' mR ' mI . For
the fermionic DM the annihilation processes into the scalar pair,
(−)
χ
(−)
χ→ φφ, are p-wave.
To evade the CMB constraint we suppress the s-wave annihilation by assuming 2mχ <
2mZ′ ,mZ′ +mφ. The calculation of the annihilation process (the top panel of Fig. 2) yields
σv =
y2v2
√
m2χ −m2φ
96pimχ
[
27λ2φv
2
φ
(4m2χ −m2φ)2
+
4y2m2χ(9m
4
χ − 8m2χm2φ + 2m4φ)
(2m2χ −m2φ)4
]
+O(v4), (28)
where mφ ≡
√
2λφvφ ' mH2 . The current DM relic abundance is obtained by (11). Since
the annihilation cross section for the fermion DM case if proportional to y2 ∝ (δ/vφ)2 and
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δ ∼ 2 keV, the vφ should be not too large. If we ignore mφ in the above equation, we find
that mχ ∼ O(1 − 10) MeV will be required to get the correct thermal relic density, and
dark Higgs φ should be even lighter. Therefore dark sector particles in this case should be
lighter than the scalar DM case. Later for illustration, we will consider mχ ∼ O(10) MeV.
and mφ ∼ O(1) MeV to get the correct DM relic density and explain the XENON1T excess.
Now let’s consider the inelastic scattering of DM with the electron in the xenon atom to
explain the XENON1T anomaly. The scattering occurs through the interactions
L ⊃ −igX
2
Z ′µ (χRγ
µχI − χIγµχR)−  ecWZ ′µeγµe, (29)
It turns out that in the limit mχ  me, σe has exactly the same form with (13) of the scalar
DM case.
We require the χR to be long-lived so that it is also a main component of the dark matter.
It decays mainly via the SM Z-mediating χR → χIνν, using the interactions
L ⊃ − i
2
sWgXZµ(χRγ
µχI − χIγµχR)−
1
2
gZZµνLγ
µνL. (30)
The expression for the decay with, Γ(χR → χIνν), also agrees exactly with (20). As shown
in (20), the lifetime of χR is much longer than the age of the universe, which guarantees the
χR is as good a dark matter as χI .
In the bottom panel of Fig. 2, we show the allowed region in the (mZ′ , ) plane where we
can explain the XENON1T excess with correct DM thermal relic density within the standard
freeze-out scenario. For illustration, we choose the fermion DM mass to be mχ = mR = 10
MeV, and varied the dark Higgs mass mφ = 2, 4, 6, 8 MeV denoted with different colors.
Note that the kinetic mixing  ∼ 10−7±1, which is much smaller than the scalar DM case.
We have checked if the gauge coupling gX and the quartic coupling of dark Higgs (λφ)
remain in the perturbative regime. The solid (dashed) lines denote the region where gX
satisfy (violate) perturbativity condition, depending αX < 1 or not. Within this allowed
region, λφ remain perturbative. Again it is nontrivial that we could explain the XENON1T
excess with inelastic fermion DM models with spontaneously broken U(1)X → Z2 gauge
symmetry. In particular it is important to include light dark Higgs for this explanation as
in the scalar DM case.
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FIG. 2: (top) Feyman diagrams for χχ¯ → φφ. (bottom) the region in the (mZ′ , ) plane that is
allowed for the XENON1T electron recoil excess and the correct thermal relic density for fermion
DM case for δ = 2 keV and the fermion DM mass to be mR = 10 MeV. Different colors represents
mφ = 2, 4, 6, 8 MeV. The gray areas are excluded by various experiments, assuming Z
′ → χRχI
is kinematically allowed, and the experimental constraint is weaker in the  we are interested in,
compared with the scalar DM case in Fig. 1 (right).
III. CONCLUSION
In this paper, we showed that the electron recoil excess reported by XENON1T Col-
laboration could be accounted for by exothermic DM scattering on atomic electron in Xe,
with sub-GeV light DM: mX ∼ O(100) MeV for the scalar and mχ ∼ O(10) MeV for the
fermion DM, and dark Higgs φ neing even lighter that DM particle for both cases. Dark
photon should be heavier than DM in order that we can forbid the DM pair annihilation into
the Z ′Z ′ channels. This scenario could be described by DM models with dark U(1) gauge
symmetry broken into its Z2 subgroup by Krauss-Wilczek mechanism. And dark photon Z
′
and dark Higgs φ in such dark gauge models play important roles in DM phenomenology.
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In particular in the calculation of thermal relic density, new channels involving a dark Higgs
can open XX† → φZ ′ and χχ¯→ φφ, which are p-wave annihilations. Then one could evade
the stringent constraints from CMB for such light DM. Other dangerous s-channel annihila-
tions can be kinematically forbidden by suitable choice of parameters. Thus the exothermic
scattering in inelastic Z2 DM models within standard freeze-out scenario can explain the
XENON1T excess without modifying early universe cosmology. We emphasize again that
the existence of dark Higgs φ is crucial for us to get the desired DM phenomenology to
explain the XENON1T excess with the correct thermal relic density in case of both scalar
and fermion DM models within the standard freeze-out scenario.
Note Added
While we were preparing this manuscript, there appeared a few papers which explain the
XENON1T excess in terms of scalar or fermion exothermic DM [9, 11, 21, 29, 30, 42]. Our
paper is different from these previous works in that we consider dark U(1) gauge symmetry
broken to its Z2 subgroup by dark Higgs mechanism, and include the light dark Higgs in the
calculations of thermal relic density for the two component DM in the standard freeze-out
scenario: XX† → Z ′φ for scalar DM and χχ→ φφ. Other s-wave channels are kinematically
forbidden by suitable choice of mass parameters. This possibility of dark Higgs in the final
state in the (co)annihilation channels are not included in other works. By including these
new channels, we could achieve the correct thermal relic density and the desired heavier DM
fluxes on the Xe targets simultaneously, without conflict with strong constraints on light
DM annihilations from CMB. And the models considered in this paper is renormalizable
and DM stability is guaranteed by underlying U(1) dark gauge symmetry and its unbroken
Z2 subgroup.
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